In the search for enhanced control over the process of resonance energy transfer in multichromophore molecular systems, all-optical mechanisms offer many significant advantages over other systems. One recently conceived scheme, based on the optical switching of energy transfer, is achieved by coupling a normally forbidden decay transition with pulses of off-resonant laser light. Earlier work has suggested that such systems could offer levels of efficiency that might approach those associated with the usual Förster mechanism. In this Letter, the ab initio results of specific calculations on stacked and co-planar polycyclic chromophores are reported. The results show that by judicious choice of electronic state and laser wavelength, much higher levels of efficiency are achievable. A possible scheme for the implementation of such a system is discussed with regard to its potential use in energy harvesting and optical switching applications.
In any such multi-chromophore system, the absorption of visible or ultraviolet light generally leads to the acquisition of energy by constituent chromophores. Within the system, this electronic energy will often transfer from one chromophore to another by a familiar mechanism known as Förster transfer. [4] [5] [6] In a recent report, 7 a novel aspect of this mechanism has been identified, by means of which off-resonant laser pulses can facilitate energy transfer that could not otherwise take place; this defines the concept of optically controlled resonance energy transfer (OCRET), a conceivable basis for all-optical switching.
With the adoption of anticipated, order of magnitude values for salient parameters, anticipated transfer Horizontal solid and dashed lines denote energy levels corresponding to one-photon forbidden and allowed states, respectively; the symmetry of each energy level is also presented, and the energy scale on the left-hand side is given in wavenumbers (cm -1 ). Solid vertical arrows signify real (representative) electronic transitions, the double-headed dashed arrows denote typical virtual transitions due to the control beam; the upper and lower wavy lines denote the control beam and the energy transfer, respectively. The OCRET mechanism is shown operating between the lowest dark (one-photon forbidden) states; calculations are also performed on transitions between other dark states.
efficiencies have already been determined for a variety of systems constructed in the form of nanoscale arrays, and configured to provide parallel signal-processing capability. 8, 9 In all of this earlier work, the detailed expressions for the efficiency of energy transfer were secured by QED analysis.
The OCRET mechanism involves simultaneous coupling between the off-resonant laser beam, and energy transfer from an excited donor A to an acceptor B (in its ground state); this is illustrated by the energy scheme of Fig. 2 and involves four fundamental light-molecule interactions. To specifically determine the rate of OCRET from A to B, a time-dependent perturbation method is required; the detailed procedure of which, deployed to establish the quantum amplitudes of the system, is described elsewhere. 10 In the near-field, over which the strength of the coupling mechanism is largest and the sought effect therefore most prominent, the quantum amplitude for OCRET is given by; 8
where I is the intensity of the input beam, Calculations on specific molecular systems have been performed using the Gaussian 03 computational package. 13 In all calculations on the porphine molecules a point symmetry group of D2h has been employed. The ground state geometry of porphine was optimized ( Fig. 1) [22] [23] and are in good agreement with the experimental observations. 22, 24 To the best of our knowledge, this calculation of transition dipole matrix elements among excited states of porphine molecule by the SAC-CI method has been carried out for the first time.
 
A computer simulation program has been developed to enable calculation of the OCRET rates from ab initio results in accordance with equations (1) and (2). These rates can then be determined for variable frequencies and polarizations of the input laser beam, here assuming an irradiance of 5  10 11 W cm -2 , for both the stacked and co-planar configurations. For the purposes of this work, electronic transitions within the polycyclic (porphine) chromophores are chosen so that one-photon transitions are forbidden by symmetry selection rules, i.e. dark states are selected. Therefore, Förster (or transitiondipole mediated) transfer involving these states is excluded, but the two-photon transitions of OCRET are allowed. The resonance damping factor is arbitrarily fixed at 200 cm -1 , sufficient to generate a realistic line-shape without producing overlapped electronic states. The values for each excited state will in fact differ, but those values are unknown and they are not amenable to calculation. In fact, the reported effects and the conclusions to be drawn are not especially sensitive to the precise values of the damping constant. Employing equation (1) and Fermi's Golden Rule, it is convenient to determine ratios of the OCRET rate with respect to the rate of Förster transfer between the lowest one-photon allowed states of the chromophore. These ratios have been determined over the frequency range (1  terms and therefore similar arguments apply. It is noteworthy that, in terms of the absolute rate, the stacked configuration will likely be favored over the co-planar case, since the former allows closer spacing of the ring structures. For example, since the absolute rate is dependent on R -6 , a factor of ~3 difference in the separation translates
into an approximately three orders of magnitude difference in the rates.
In summary, we report the first quantitative prediction of OCRET rates from ab initio calculations.
The energy transfer rates have been calculated and compared for two configurations of chromophores, namely, stacked and co-planar. It is shown that, for porphine molecules, OCRET (a two-photon allowed mechanism) may be comparable in efficiency to the conventional Foster transfer mechanism, and therefore should be experimentally detectable. The predicted OCRET rates show strong dependence on the polarization of the laser beam; this and other observations are predetermined by the symmetry of the chromophore. The OCRET mechanism occurs via dark (one-photon forbidden by symmetry) states in contrast with the Foster transfer which is transition dipole mediated. The former mechanism promises the benefit of direct optical control over the energy transfer. The ability to predict transfer efficiencies from the state-of-the-art ab initio calculations of real molecular structures promises to facilitate the design of experimental schemes utilizing OCRET.
Supporting Information Available
Excitation energies, components of the transition dipole moments and oscillator strengths between the singlet excited states and the ground state as calculated by symmetry-adapted-cluster (SAC) / configuration interaction (CI) method: -1 ) ) and the rest of the excited states used in the calculations. These data have been used for the calculation of OCRET rates and their comparison with the Förster rate as presented in Figure 3 . 
